Thin transparent conducting films based on core-shell latexes by Huijs, Franciscus Maria
  
 University of Groningen
Thin transparent conducting films based on core-shell latexes
Huijs, Franciscus Maria
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2000
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Huijs, F. M. (2000). Thin transparent conducting films based on core-shell latexes. s.n.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019
Influence of the temperature on film formation
4 Influence of the temperature on film formation
The influence of the annealing temperature on the rate of film formation of a
poly(butyl methacrylate) (PBMA) latex of about 750 nm and encapsulated
with 1 wt% polypyrrole (PPy) has been investigated. The PBMA latex
particles used in this chapter were prepared either with an energy donor
labeling or with an energy acceptor labeling, in two different syntheses. A
stoichiometric mixture of these particles was used as seed for the synthesis
of the core–shell particles. The influence of the annealing temperature on
the rate of film formation was investigated using Non-Radiative Energy
Transfer (NRET), atomic force microscopy surface flattening experiments,
and transparency measurements. NRET gives access to the rate of polymer
chain interpenetration between adjacent particles in a film annealed at a
temperature above the particles’ Tg. Slower chain interpenetration of the
PBMA polymer chains was obtained with the PBMA-PPy core–shell
particles compared to the rate of the PBMA polymer chain interpenetration
found with the pure, noncoated, PBMA particles. This result can be
attributed to the encapsulation of PBMA by PPy, which hinders the
migration of the PBMA polymer chains between adjacent particles in the
film. This observation has been confirmed by atomic force microscopy
measurements that showed that the flattening of the latex film surface is
much slower for the core–shell particles than for the pure PBMA particles.
This result can again be explained by the presence of a rigid PPy shell
around the PBMA core. Thus, these two complementary methods have given
evidences that the conductive shell seriously hinders film formation of the
particles in spite of the fact that it is very thin (thickness close to 1 nm)
compared to the size of the PBMA core (about 750 nm in diameter). Also
transparency measurements are in line with the results obtained by NRET
and AFM. When the films are placed at a temperature higher than the Tg of
PBMA, the increase of the transparency is faster for films made with the




In the previous chapters it was shown that conducting core–shell latex
particles with an acrylic core and an ICP shell can be prepared and that
transparent films can be formed from these latexes. Although the thickness
of the PPy shell was very thin compared to the diameter of the acrylic
latexes in all cases, it was shown that the deformation of the conducting
latex particles is hindered severely by the shell. The rate of film formation
was shown to depend strongly on the thickness of the PPy shell.
In this chapter the influence of the annealing temperature is investigated.
For this study latex particles with a 1 wt% PPy shell are used since such
particles combine a conductivity of the same order of magnitude as pure
PPy latex particles [1] with a relatively fast film formation compared to
latex particles with a thicker shell [2]. As in the previous chapter,
transparency measurements and surface flattening measurements are
employed to characterize the rate of film formation. For the study of the
chain interpenetration between adjacent latex particles, the Non-Radiative
Energy Transfer technique (NRET) was used. Recently, this technique has
also been used by several authors [3, 4] for the study of the internal structure
of core–shell latex particles. Labeling the core-polymer with the donor and
the shell-polymer with the acceptor, gave information on the extent of
mixing between the core and the shell polymer. The study of PMMA-
PMMA core–shell particles synthesized by different emulsion
polymerization methods showed large differences in the core–shell
morphology, depending on the type of polymerization [3]. At the same time,
large differences were found in the distribution of the core and shell
polymers inside the composite particle, depending on the nature of the
acrylate polymer which were supposed to form the core and the shell of the
particle [4].
In the present study only the core of the particles was labeled with either the
donor or the acceptor. Indeed, the shell of the present core–shell particles is
very thin compared to the core and, therefore, the difference between the
energy transfer associated to a perfect core–shell and that of a complete or
partial mixing between the core and the shell was expected to be very small
and not detectable. Besides, covalent and uniform incorporation of the probe
along the polypyrrole chain is not straightforward. Furthermore, PPy has a
very high Tg. Therefore we do not expect that the PPy chains will migrate,
but that the PBMA chains from the core will penetrate through the PPy shell
thus giving the film mechanical strength. Thus, the film formation of the
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conducting latex particles was studied by the energy transfer which results
from the interparticle polymer (PBMA) chain migration occurring in a latex
dry film brought at a temperature above the polymer (PBMA) Tg. This step
of film formation is usually called autohesion or further gradual coalescence
of the latex particle in the film. The occurrence of this step is necessary for
obtaining mechanically strong films.
4.2 Development of the PBMA chain interpenetration
Figure 4.1 shows the variation of the fraction of mixing, fm, versus the
annealing time for the pure PBMA particles (Figure 4.1A), and for the
PBMA-PPy core–shell particles (Figure 4.1B), annealed at four different
temperatures, namely, 55 °C, 70 °C, 90 °C, and 120 °C. Some similar
features appear for the two types of particles. One observes at each
temperature an increase of fm with the annealing time, and, at a given
annealing time, an increase of fm with the annealing temperature. These are
classical results which have been observed already by several authors [5, 6].
The increase of fm with the annealing temperature has been attributed to the
increase of the diffusion coefficient of the polymer chains as the
temperature increases above the polymer Tg. Moreover, chain diffusion
between adjacent particles takes time, and complete mixing can be obtaining
only after a certain time, which increases as the annealing temperature
decreases. In Figure 4.1 the longest annealing time is about 40.000 minutes
(28 days). This indicates that after 28 days complete mixing between
PheMMA and AnMA labeled polymer chains has not been achieved yet at
70 °C and 90 °C for either type of particles, and will not be achieved before
a very long time at 55 °C. Only at 120 °C is the mixing close to 1, around
0.9, after about one week.
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Figure 4.1 Variation of the fraction of mixing, fm, versus the annealing
time for films made with pure PBMA particles (A) and with the core–shell
PBMA-PPy particles (B), annealed at 55 °C (4, u), 70 °C (O, l), 90 °C (? ,
n), and 120 °C (D, s).
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Although the behavior of the two types of particles appears roughly similar,
large differences are present. Comparison of Figure 4.1A and B shows that,
at a given annealing time, the fraction of mixing at each annealing
temperature is larger in the case of the pure PBMA latex particles than in the
case of the PBMA-PPy core–shell particles. This indicates that a
modification of the PBMA particles has happened when PPy was
polymerized which slows down the rate of migration of the PBMA polymer
chains. This reduction of the rate of chain migration may have at least two
origins. The first one is the presence of PPy particles between the PBMA
particles which reduces the contact between adjacent PBMA particles. This
would result also in a reduction of the interpenetration of PBMA polymer
chains between adjacent particles and, thus, the fraction of mixing at a given
annealing time. However, this possibility can be discarded since AFM
images have not shown the presence of separate particles of PPy after the
second stage of the polymerization. Furthermore, no coloration of the filtrate
was observed upon filtering off the encapsulated latex particles for the
conductivity measurement using a 0.45 µm filter, indicating that no pure
PPy particles were formed. Moreover, even if such particles had formed,
they would have been in very small quantity and would not have modified
much the fractions of mixing. Indeed, the volume of polypyrrole represents
only about 1% of the volume of PBMA. The second possible origin of the
decrease in the rate of PBMA chain migration is the formation of a PPy
shell around the PBMA particles. PPy is known to be a rigid polymer and,
therefore, one can explain the decrease in the rate of PBMA chain migration
by assuming that PPy forms a barrier between the PBMA cores in the film,
even if the shell thickness is very small. Recall that only the PBMA core is
labeled and, therefore, only the mixing of the PBMA polymer chains is
detected. Thus, in the case of the core–shell particles the detection of the
mixing of PBMA chains can be simply retarded by the presence of the PPy
shell, even if the shell does not act as a barrier for the diffusion of PBMA
and lets the PBMA diffuse through it without affecting the PBMA diffusion
coefficient. Such delays have been evidenced in the study of other core–
shell particles [7]. Here, however, the shell thickness is extremely thin and
no retardation is observed as is expected, but the rate of mixing is reduced
as is shown in Figure 4.1. The difference in the variation of fm found
between the coated and the noncoated particles is rather due to PPy acting as
a real barrier for the diffusion of the PBMA chains through the interface
which separates adjacent particles. This barrier has probably two origins. It
results on the one hand from the rigidity of PPy, and on the other hand from
the thermodynamic incompatibility between PPy and PBMA. At the present
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time it is difficult to decide which of these two origins is the rate
determining one.
4.3 Development of the film surface roughness
The variation of the Rrms, determined by AFM for the PBMA-PPy core–
shell and the pure PBMA particles is shown in Figure 4.2. Figure 4.2A and
B correspond to the flattening measured at 55 °C and 70 °C, respectively.
One sees that as the annealing time increases the flattening measured for the
pure PBMA film is more rapid than for PBMA-PPy films.
At 55 °C (Figure 4.2A) the Rrms for the core–shell particles stays almost
constant for a period of time of about 5 days. During the same period of
time the Rrms for the pure PBMA particles has decreased by a factor close to
6 and has reached almost its minimum value. At 70 °C (Figure 4.2B) there
is also a large difference between the Rrms measured with the two types of
particles. However, at 70 °C the Rrms of the core–shell particles does not stay
as constant as it does at 55 °C during the first five days. At a given
annealing time, the Rrms, and therefore the roughness of the film surface, is
larger for the film made with the PBMA-PPy core–shell particles than with
the PBMA particles at both temperatures.
Due to its very small thickness, the shell of the particles can probably
deform under the influence of the movement of the PBMA polymer chains,
although its Tg is much higher than 70 °C. This deformation is larger at
70 °C than it is at 55 °C since the mobility of PBMA increases with the
temperature. This can explain the flattening of the core–shell latex film
surface observed at 70 °C. Of course, the flattening of the noncoated PBMA
particles is still much faster. It can be concluded that, even in the case of the
core–shell particles, the viscoelastic relaxation of the latex particles plays an
important role in the film surface flattening.
Influence of the temperature on film formation



























Figure 4.2 Variation of the Rrms versus the annealing time at 55 °C (A)
and 70 °C (B) for films made with the PBMA particles (4, O) and with the
core–shell PBMA-PPy particles (u, l).
As done by other authors [8] in their studies of the flattening of latex film
surfaces, we have applied the Williams-Landel-Ferry (WLF) theory to our
flattening data obtained with the pure PBMA and the core–shell PBMA-PPy
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latex particles. According to the WLF-theory, time and temperature are
equivalent in viscoelastic materials to the extent that data at one temperature
can be superimposed upon data taken at a different temperature, merely by
shifting curves. Figure 4.3 indicates that, indeed, this so called time-
temperature superposition principle works for our pure PBMA latex and
also for our PPy-encapsulated particles. This implies that also the PPy-
encapsulated latexes show viscoelastic deformation, regardless of the
presence of the stiff PPy shell.
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Figure 4.3 Variation of the Rrms versus the log of the time in seconds for
the pure PBMA (A) and the PPy-encapsulated particles (B). Original data
are shown in the left figures. Master curves obtained with the Williams-
Landel-Ferry theory are shown in the right figures. The same shift factor,
aT = 1.7, has been used to shift the data obtained with the pure as well as
with the encapsulated particles.
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4.4 Comparison between interparticle chain migration and film
flattening
An interesting result emerges from the comparison of the NRET and AFM
data. This result answers partially the interesting question whether polymer
chain migration between adjacent particles and latex surface film flattening
occur simultaneously or not. In Figure 4.4 the variation of the fraction of
mixing, fm, and of the surface flattening, Rrms, versus the annealing time at



































Figure 4.4 Variation of the Rrms (l) and of the fraction of mixing, fm, (O)
versus the annealing time at 70 °C (B) for films made with the PPy-
encapsulated PBMA particles.
This figure shows that most of the film roughness is considerably reduced
when the fraction of mixing has attained a value close to only 0.2–0.3. The
fraction of mixing equal to 0.3 corresponds to a penetration distance of the
PBMA polymer-chains between adjacent particles of only 13 % of their
diameter. It appears therefore that a complete migration of the polymer
chains between adjacent particles is not necessary for a complete film
flattening, and that only a small part of the polymer chains has been
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involved in the migration between adjacent particles when an almost
complete flattening has occurred. An identical result was obtained with the
noncoated PBMA latex particles at both 55 °C and 70 °C [9] and has also
been reported for PBMA latex particles of smaller size [10]. Comparison
between the volumes involved in chain migration and surface flattening by
Pérez and Lang [10] led to the conclusion that the rate of film flattening is
faster than the rate based on simple polymer chain diffusion, because the
polymer-air surface tension acts as an extra driving force in the flattening
process. The results with the encapsulated latex particles are in agreement
with this explanation. These results are also in agreement with other results
[11, 12] which indicate that the polymer chain diffusion constant obtained
from the corrugation height by AFM versus annealing time is larger than the
diffusion constant of the polymer chain in the bulk determined by NRET or
small angle neutron scattering. It is proposed that this difference in diffusion
constant can be attributed to the diffusion near the surface being much faster
than in the bulk due to less hindrance to motion and/or from an extra driving
force from the surface energy [11]. Another possible explanation might be
that the hydrophilic membrane around the latex particles forms an extra
barrier to the penetration of the polymeric chains. In order to decrease the
surface roughness, the hydrophilic membrane can remain intact and only has
to deform. For chain interpenetration, however, the chains have to cross the
hydrophilic membrane and thus the extra barrier.
4.5 Development of the film transparency
Figure 4.5 shows the development of the transparency versus the annealing
time for the pure PBMA particles (Figure 4.5A) and for the PBMA-PPy
core–shell particles (Figure 4.5B), at 55 °C, 70 °C, 90 °C, and 120 °C. The
films are first dried at room temperature. Next the temperature was
increased to the indicated value. At each temperature one observes an
increase of the transparency of the films with time. Moreover, the rate of the
transparency development increases as the temperature increases. Notice
that at 55 °C the evolution of the film transparency is negligible for the film
made with the coated particles, whereas a noticeable increase of the
transparency is obtained for the film made with the noncoated particles. This
result indicates that an appreciable difference between the coated and the
noncoated particles occurs in the development of the transparency of the
film. At 70 °C the transparency of the film made with the coated particle
increases slightly and continuously, whereas for the film with the noncoated
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particles the transparency of the film increases very quickly, and reaches
more than 95% transparency in less than two hours. At 90 °C and 120 °C,
there is still a difference in the rate of transparency development between
the films made with the coated and the noncoated particles, but this
difference seems to decrease as the temperature increases.
A striking analogy appears between the NRET and the transparency results,
if one compares the NRET results shown in Figure 4.1, with the
transparency results shown in Figure 4.5. Close comparison between the
NRET and the transparency results for each temperature indicates that film
formation and transparency progress is parallel. For instance, in the case of
the films made with the coated particles, the fraction of mixing, fm, stays
almost constant at 55 °C, as does the transparency. At 120 °C, the
transparency of the  film made with the noncoated particles attains its
plateau value (100% transparency) in about 15 min. After the same period
of time the fraction of mixing is equal to 0.7. With the film formed from the
coated particles the transparency attains its plateau value (95%
transparency) after a longer period of time, around 2 hours, which is the
time needed to obtain, for the same film, a value of fm equal to 0.7. These
results show again the correlation existing between the evolution of the
fraction of mixing and the transparency of the films.
A correlation also exists between film flattening and transparency
development. This correlation appears when one compares the AFM results
given in Figure 4.2 and the transparency developments shown in Figure 4.5,
at 55 °C and 70 °C. During a period of time equal to about 4 days, the
roughness of the film surface, as well as the film transparency, stay almost
constant for the films made with the coated particles. A large decrease of the
film roughness, which attains its minimum value, and a large increase of the
transparency, which attains its maximum value, occur during the same
period of time for films made with the noncoated particles. The same type of
correlation can be made between film flattening and film transparency at
70 °C.
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Figure 4.5 Variation of the film transparency versus the annealing time
at 55 °C, 70 °C, 90 °C, and 120 °C, for films made with the PBMA particles
(A) and with the PBMA-PPy core–shell latex particles (B).
Thus, besides the correlation that exists between the evolution of the
fraction of mixing and the transparency, there is also a correlation between
Influence of the temperature on film formation
the evolution of the roughness of the film and the transparency. It is known
that voids existing in films formed at a temperature below the Tg of the
particles diffuse the light and decrease the film transparency [13]. This is the
case here for our nascent films. By annealing the films above the PBMA Tg,
the particles can deform and the PBMA polymer chains can migrate
between adjacent particles. The reduction of the size and of the number of
the voids during film formation gives rise to an increase of the transparency
of the films. Notice that a complete mixing of the polymer chains belonging
to adjacent particles is not necessary for the disappearance of the voids. The
disappearance of the voids may occur much earlier than the complete
mixing of the polymer chain in the film. We have, indeed, observed that
film transparency attains a plateau value, as the fraction of mixing is still
below 0.7. There is another factor that affects the film transparency, which
is the reflection of light at the surface of the film. We have shown that a
correlation also exists between film flattening and film transparency.
Therefore, the effect of light reflection on the film transparency cannot be
neglected. We have also shown (see Figure 4.4) that film flattening is faster
than chain migration. Since development of film transparency appears to be
faster than film formation, this result also confirms that surface roughness of
the film may play a non-negligible role in the development of the film
transparency. However, more work must be done, for instance
measurements of the reflection of light as a function of the roughness of the
film, to obtain a definitive answer concerning the respective role played by
the voids and by the film roughness, to the film transparency.
4.6 Conclusions
The influence of temperature on the rate of film formation of PBMA latex
particles of about 750 nm diameter and encapsulated with a 1 wt% PPy shell
has been investigated. In order to be able to investigate the rate of PBMA
chain migration between adjacent particles, a stoichiometric mixture of
PBMA latex particles labeled with an energy donor and with an energy
acceptor were encapsulated with a polypyrrole shell. Using the Non-
Radiative Energy Transfer technique, it was shown that the rate of chain
interpenetration is much higher for pure PBMA latex particles than for
1 wt% PPy-encapsulated particles at all temperatures investigated. Higher
temperatures result in a higher rate of chain interpenetration both for the
encapsulated particles as well as for the pure PBMA particles. This
observation has been confirmed by atomic force microscopy measurements,
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showing that the flattening of a latex film surface is much slower for PPy-
encapsulated particles than for pure PBMA latex particles. Also the
development of the film transparency is much slower for the PPy-
encapsulated latex than for the pure PBMA particles, indicating that the
conducting shell hinders particle deformation.
All results merge to the conclusion that the PPy shell forms a strong barrier
against latex film formation and that temperatures much higher than the Tg




Butyl methacrylate (BMA) and potassium persulfate (KPS) were purchased
from Aldrich. The donor, (9-phenanthryl)methyl methacrylate (PheMMA),
and the acceptor, 9-anthryl methacrylate (AnMA), were synthesized
following the recipe given elsewhere [5]. Hercules kindly donated the
hydroxyethylcellulose (HEC) stabilizer. All other reagents (pyrrole, HCl,
FeCl3, H2O2) were purchased from Aldrich. The pyrrole monomer was
distilled just before use. Water was freshly deionized and distilled before
use.
Latex Particles Synthesis
The PBMA particles were synthesized by semicontinuous free radical
emulsion polymerization, without surfactant, using potassium persulfate as
initiator. Two polymerizations were undertaken. One for the synthesis of the
particles labeled with the donor, PheMMA, and the other for the synthesis
of the particles labeled with the acceptor, AnMA. In each case a pure
PBMA seed was first prepared and the rest of the components, including the
donor or the acceptor, were subsequently slowly added to the seed (starving
conditions). Slow addition of the donor and of the acceptor with the BMA
monomer was necessary to ensure a uniform distribution of the donors and
of the acceptors inside the particles. About 1 mol% of donor and acceptor
relative to BMA was used. The synthesis temperature was 80 °C and the
duration of the polymerization was about 20 hours. These PBMA latex
particles were subsequently used for the synthesis of the PBMA-PPy core–
shell latex particles. A stoechiometric mixture of PBMA particles labeled
with the donor and with the acceptor was first prepared. To this mixture, the
non-ionic stabilizer HEC was added in order to keep the latex stable during
the synthesis of the conducting shell. Oxygen was removed by bubbling N2
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through the reaction mixture. The in-situ polymerization of pyrrole was
done at room temperature at a pH of about 1, using Fenton's (H2O2/Fe3+)
reagent, and the reaction was allowed to proceed overnight. Thus, the
PBMA particles labeled with the donor and with the acceptor form the core
of the PBMA-PPy core–shell latex particles. Moreover, an equal quantity of
particles labeled with PheMMA and with AnMA is present in the dispersion
containing the core–shell particles. The recipes for the synthesis of the
PBMA particles (called latexes L1 and L2 when labeled with PheMMA and
AnMA, respectively), and of the PBMA-PPy core–shell particles (called
latex L3) are given in Table 4.1.
Table 4.1 Recipe for the synthesis of the PBMA latex particles (latex
L1 labeled with PheMMA, and latex L2 labeled with AnMA), and of the
PBMA-PPy core–shell particles (latex L3).
Step Composition Latex L1 Latex L2
Seed (batch) H2O (ml)  38.35   38.35
(80 °C) KPS (g)      0.068      0.068
BMA (ml)    2.01     2.01
Slow step H2O (ml) 111.53 103.86
(80 °C, 20 h) KPS (g)      0.072     1.22
BMA (ml)   35.39   37.74
PheMMA (g)      0.687 –




latexes L1 and L2 (g)
     25.36a
HEC (1 wt% aq. sol.) (g)          7.92
Pyrrole   30
HCl (37% aq. sol.) (µl) 400
FeCl3 (0.29 wt% aq. sol.) (µl) 121
H2O2 (35%) (µl)   48
a The solid content of the dispersion is 12.1 wt%.
Latex Particle Size Measurements
The particle size was determined on dry latex films by AFM. Films were
prepared by casting 2–3 drops of dispersion onto freshly cleaved quartz
plates and allowed to air dry. Dry film were about 100 mm thick. The AFM
used was a Nanoscope III from Digital Instruments, Inc., Santa Barbara,
CA, working in the tapping mode with a tip oscillation frequency around
370 kHz. The piezoelectric translator could scan a maximum surface area of
12 ´ 12 mm2 and was working in the height mode, which means that the
force exerted on the film by the cantilever during scanning was kept
constant. The spring constant of the cantilever was about 50 N×m–1. The
diameter of the particles was obtained from the height profile (see Figure
4.6). The z-scale representation on the image in Figure 4.6A is achieved
using a gray color scale. The lighter the gray, the higher the corresponding
value of z is.
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Figure 4.6 AFM top view (left) (size: 4 mm ´ 4 mm) and height profile
(right) of L1 latex film. The height profile is taken along the line shown on
the top view image. The diameter of the particles (750 nm) is obtained from
the average distance between two adjacent triangles, which indicate the
center of the particles, using the Nanoscope software.
Besides the determination of the size of the particles, AFM allowed to
appreciate the shape and the polydispersity in size of the particles. Notice
the hexagonal arrangements of the latex particles in Figure 4.6A which
results from their very low polydispersity in size. It was also checked, by
taking AFM images in the course of the synthesis of the core–shell particles,
that no formation of PPy particles occurred. This supports the other
evidences that PPy forms a shell around the PBMA particles. All particles
investigated in this study have a spherical shape and a very low size-
polydispersity. The values of the particle diameter are given in Table 4.2
and represent an average of at least 30 measurements of the center to center
distance between adjacent particles as shown in Figure 4.6B.
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Table 4.2 Size of the synthesized latex particles as determined by AFM.
Latex Composition Probe Diameter (nm)
L1 PBMA
(homogeneous)
PheMMa 750 ± 20
L2 PBMA
(homogeneous)






a From the recipe given in Table 4.1, the shell thickness is calculated to be
0.93 nm, taking as density of PPy 1.46 g.cm–3 [14]. This thickness is too
small to be determined from the difference between the diameter of the
PBMA-PPy and PBMA particles measured by AFM.
Latex Films for Energy Transfer and Flattening Measurements
Latex films used for the NRET study and the study of the surface film
flattening were prepared in the same manner as for the particle size
measurements done by AFM. For the study of the further gradual
coalescence of PBMA latex particles in dry films, a stoechiometric mixture
of particles labeled with the donor and with the acceptor was first prepared
in dispersion. This dispersion was next used to prepare dry films for energy
transfer measurements. In the case of the PBMA-PPy core–shell particles,
the dispersion contained already an equal quantity of particles labeled with
the donor and with the acceptor. Dry films were placed in an autoclave and
heated during various periods of time at the desired annealing temperature
(55 °C, 70 °C, 90 °C, or 120 °C).
Fluorescence Decay Measurements
Donor (PheMMA) fluorescence decay traces were recorded with a single
photon counting apparatus [15]. Film samples, mounted on a home-made
solid holder, were excited at 298 nm. The emission light was collected
through a band pass filter (Schott) centered at 366 nm to minimize the
uptake of scattered and acceptor (AnMA) emitted light. All measurements
were performed at 10 °C, i.e., below the Tg of the polymers, to avoid any
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kind of evolution of the particles in the films during the illumination time.
The analysis of the decay profiles derives from the Förster equation of
nonradiative energy transfer [16]. It is based on the assumption that the
donors and the acceptors are static during the fluorescence measurements.
The efficiency of the energy transfer is governed by the relation
E=R6/(R6+r6), where R is the characteristic distance between the donor and
the acceptor, equal to 23 Å for the couple phenanthrene–anthracene which
are the probes used in the present study, and r is the distance between a
donor and an acceptor. Thus, the energy transfer depends only on the
average donor–acceptor distance in the range 0–50 Å, which is small
compared to the particle size (see Table 4.2). This allows a precise
determination of the extent of the PBMA chains migration between adjacent
particles upon annealing of the latex films at temperatures above the Tg
(34 °C) of PBMA. The analysis of the donor fluorescence decay, I(t), was
first proposed by Winnik and collaborators [5, 17]. In this analysis the
intensity, I(t), of the fluorescence emitted by the donor in the film is
expressed by the sum of two contributions, weighted by the pre-exponential
factors B1 and B2, of which the former applies to the domains where the
donor is mixed with the acceptor, while the latter applies to the domains
































In equation 4.1, p is a time-independent parameter proportional to the local
concentration of acceptors and t the donor fluorescence lifetime, which was
found equal to 46 ns in film containing only donor-labeled particles. The
parameters B1, B2 and p are obtained by fitting equation 4.1 to the
fluorescence decay data using a nonlinear weighted least-squares procedure.
An apparent volume fraction of mixing, f 'm, between the polymer chains
labeled with the donor and with the acceptor, has been defined from B1 and







This fraction was corrected for energy transfer taking place through a
perfectly neat interface between the donor and the acceptor labeled domains
(f 'm (i)) and for energy transfer which occurs when the donor and acceptor
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domains are fully mixed (f 'm (¥)), and replaced by a normalized volume
fraction of mixing, fm, given by equation 4.3:
( )










The fraction of mixing f  'm (¥) was obtained from a film formed after
dissolution in THF of a stoechiometric mixture of dry particles L1 and L2,
or from dissolution in THF of dry particles L3. Values of f 'm (¥) between
0.97 and 0.99, i.e., close to 1, which corresponds almost to a complete
mixing of PBMA chains labeled with PheMMA and AnMA, were found.
Flattening Measurements
The topography of the film surfaces was determined by AFM, using the
Nanoscope III, working in the contact mode. The spring constant of the
cantilever was 0.58 N ×m–1, and the piezoelectric translator was working
again in the height mode. The flattening of the latex film surfaces was
measured from the roughness, Rrms, obtained from the Nanoscope III

















where z  = mean z height.
Surface areas equal to 6 ´ 6 mm2 were used for the measurement of the Rrms.
Transparency measurements
The transparency of the films was measured in-situ using a home-built
apparatus. Measurements were done on 2 ´ 2 cm2 glass. The films were
deposited on the glass slides by dipcoating the glass slides in the latex. The
glass was corona-discharge pretreated in order to improve the adhesion
between the glass and the deposited film. The films were deposited and
allowed to dry in an ambient atmosphere. The glass slide was then placed in
a sample holder in an air flow oven. The oven temperature was set at 25 °C
for the first 2 minutes of the measurement and then increased to the desired
temperature (55 °C, 70 °C, 90 °C, or 120 °C). The air temperature in the
oven reached the set-temperature in about 2 minutes. The temperature of the
Influence of the temperature on film formation
sample reached this temperature only after about 20 minutes, due to the heat
capacity of the different components in the oven.
The transparency of the film was measured according to the following
procedure. Two similar photodiodes (Siemens, BPW 21, ?max 550 nm) are
used which are first calibrated using the same light source and a noncoated
glass slide. One of the photodiodes, the reference, receives the light directly
from the light source, giving a signal S1. The other photodiode receives the
same light which passes through a noncoated glass slide, giving a signal S2.
The calibration factor is given by the ratio (S1/S2). The transparency of the
film is determined using the same procedure, only the glass slide is coated
with the latex film according to the procedure described above. The
transparency of the film is given by the ratio S2/S1, multiplied by the
calibration factor.
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